Since capillary electrophoresis (CE) and its related techniques represent high separation efficiencies, rapid analysis time, and low reagent consumption, they have been widely studied as promising analytical methodologies. [1] [2] [3] [4] Chiral separation is one of the major objectives in CE as well as in chromatographic methods. In these separations, a diverse range of CDs (cyclodextrins) have been employed as chiral additives including nonderivative CDs, derivative neutral CDs, and derivative charged CDs.
There is another approach (the dual CD system) that is used to expand the usefulness of CDs for enantioseparations. Recently it was shown that the dual CD system produced better CE enantionseparations. 5, 6 In a previous paper, 7 we have proposed a very simple method to obtain an effective chiral selector (a reaction mixture-a dual CD system-β-CD and β-CD-Glu), described its overall synthetic process and used it to separate two chiral drugs (lobeline and benzhexol). The structure of β-CD-Glu is shown in Fig. 1 . In this work, we extend its application using more chiral drugs and further discuss the separation mechanism.
Experimental

Apparatus
Nicolet-5 DX IR spectrometer (Nicolet, USA); an AM-400 NMR spectrometer (Bucker, Germany); Bin Da 1229 Capillary Electrophoresis Apparatus (Beijing Institute of New Technology Application, China). A fused-silica capillary of 48 cm × 75 µm (i.d.) with the effective length of 40 cm (Hebei Yongnian Optical Fiber Factory, China) was used as a separation capillary. XWT-240 Register (Shanghai Automated Instrument Factory, China).
Reagents
The L-glutamic acid (L-Glu), CaCO3, P2O5 and benzene were of analytical reagent grade. All racemic drugs were purchased from Sigma. Their structures are shown in Fig. 2 . The β-CD was purchased from Yunan Cyclodextrin Factory, China. Double distilled water was used for the preparation of all solutions. The dual CD system (β-CD and β-CD-Glu) was synthesized in our laboratory according to the literature. 7 
Procedures
Tris-H3PO4 buffer (50 mmol/L) was prepared by dissolving 3.025 g of Tris in water, titrating it to pH (2.5, 3.0, 3.5, 4.0) Fig. 1 The structure of β-CD-GLU. Fig. 2 The structures of chiral drugs: (1) cyclandelate, (2) clorprenaline, (3) tulobuterol, (4) tropicamide, (5) isoprenaline, (6) terbutaline, (7) anisodamine. with phosphoric acid, then diluting the solution to 500 ml with a volumetric flask. The chiral selector was dissolved in the above buffer. The buffers were filtered through 0.45 µm membrane filters and were degassed by sonication prior to use. A new capillary was conditioned by flushing successively with 1.0 mol/L NaOH (60 min), 0.1 mol/L NaOH (30 min) and double distilled water (30 min) before use. Between each injection, the capillary was rinsed with 0.1 mol/L NaOH (2 min), double distilled water (2 min) and with the respective running buffer (2 min).
Samples were injected by electrokinetic injection at 10 kV for 5 s. The applied voltage was constant at 15 kV (20 -25˚C). The UV signals were recorded at 214 nm.
Results and Discussion
Effect of the pH on the resolution
Buffer pH is an important parameter in the CE chiral separation, because the pH affects resolution and migration time. All the enantiomers studied are basic drugs; they exist as positively charged ions in acidic condition.
Basic drugs and their complexes will migrate towards the cathode. At low pH, the surface charge of the capillary and the adsorption of cationic analytes to the bare fused silica surface can be reduced. 9 At the same time, the EOF will be much less than that at high pH. All these factors provide analytes with a longer time for interaction with CDs as they migrated through the capillary. So lower pH seems to be more favorable for the separation of the basic drugs.
The separation was investigated at pH 2.5, 3.0, 3.5 and 4.0. Electroosmotic flow decreased with decreasing pH and migration times increased. The optimum separation for the four chiral drugs (cyclandelate, clorprenaline, tulobuterol, isoprenaline) was found at pH 2.5 -3.0, and the optimum separation for tropicamide and terbutaline was found at pH 2.5.
The pH valve 2.5 is near the pKa1 value of H3PO4 (2.1), so the buffer has a high buffer capacity to resist the pH changes caused by electrolysis effect in the CZE process. The buffer pH (pH 2.5) was thus chosen for the experiment.
Effect of the chiral selector concentration on the resolution
Separation using β-CD as chiral selector. β-CD was investigated for the chiral recognition of the enantiomeric drugs. When β-CD was used, only tropicamide was partially separated (Rs = 8.61), no chiral recognition was observed for other drugs. Usually, maximum resolution values are obtained at a given cyclodextrin concentration, which depends on the affinity of the analyte enantiomers for the selector. The resolution increases with increasing β-CD concentration, a maximum resolution is reached, and further increase in the β-CD concentration can result in a slow decrease in resolution. The experimental results are consistent with a simple model proposed by Wren et al. 8 
Separation systems containing two cyclodextrins
We evaluated the effect of the concentration of CDs on the resolution of the isomers, when the concentration of CDs was raised from 5 -25 g/100 ml buffer. As can be seen in Table 1 , among the seven drugs studied, only anisadamine can not be separated.
However, the shape of the two peaks for cyclandelate and tropicamide was slightly distorted in the concentration of CDs higher than 25 g/100 ml buffer.
The influence of organic modifiers was also investigated. Addition of 20% methanol resulted in a reduction of enantioselectivity.
Investigation of chiral separation mechanism
In this study, the resolution mechanisms are usually based on the inclusion complexation and hydrogen bonding and electrostatic interaction (see Fig. 3 ). Besides, a synergistic effect may exist between β-CD and β-CD-Glu. First, the analytes fit into the CD cavity. Since the CD cavity possesses hydrophobic character, analytes with higher hydrophobicity exhibit higher affinity for the cavity, forming more stable complexes than compounds possessing lower hydrophobicity. Second, hydrogen bonds are formed between the hydroxyl groups on the rim of the CD with the hydroxyl in chiral carbon and nitrogen, respectively. This demanded that the chiral center or the group connected with chiral center of the analytes must be near the rim of the more open side of CDs, and thus can interact with the secondary hydroxyl groups (position 2 and 3).
This mechanism was demonstrated by experiments. When the weak polarity organic solvent such as methanol was added, the cavity of CDs was occupied by the organic solvent, so the resolution for all chiral drugs were reduced. Among the seven drugs, only tropicamide was partly resolved when using β-CD, so the synergistic effect may exist between β-CD and β-CDGlu.
According to the mechanism and the structures of the chiral drugs, cyclandelate (Rs = 2.94), clorprenaline (Rs = 3.27) and tulobuterol (Rs = 2.85) could easily be separated. This is because the benzene ring exhibits higher affinity for the cavity of CDs, and the chiral centers are near the rim of the more open side of CDs, and can interact with the secondary hydroxyl groups. The resolution of tropicamide (Rs = 1.18) was not as good as those of the three drugs mentioned because of the longer distance between hydroxyl group and chiral carbon. For isoprenaline (Rs = 0.89) and terbutaline (Rs = 0.91), there is less hydrophobic interaction because the hydroxyl group existed on the benzene ring. Therefore, the interactions between the two drugs and CD cavity became weaker so they could not be baseline-separated. Anisodamine cannot be separated, because the distance between nitrogen and chiral carbon is too long. No hydrogen bond be formed between nitrogen and hydroxyl group on the rim of CDs.
Conclusion
The use of a mixture of β-CD and β-CD-Glu gave optimal separation of the chiral drugs studied, which cannot be resolved 
